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solvent, and an additive including fluoroethylene carbon-
ate, a vinyl-containing carbonate, a substituted or unsub-
stituted cyclic sulfate or a substituted or unsubstituted
cyclic sulfonate, and a nitrile-based compound repre-
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Description
BACKGROUND
1. Field

[0001] Embodiments relate to an electrolyte solution for a rechargeable lithium battery and a rechargeable lithium
battery including the same.

2. Description of the Related Art

[0002] Rechargeable lithium batteries have recently drawn attention as a power source of small portable electronic
devices. Rechargeable lithium batteries may use an organic electrolyte solution and may have more than twice the
discharge voltage of a conventional battery using an alkali aqueous solution, and accordingly have high energy density.
[0003] The rechargeable lithium battery may be formed by injecting an electrolyte into a battery cell including a positive
electrode including a positive active material that can intercalate and deintercalate lithium, and including a negative
electrode including a negative active material that can intercalate and deintercalate lithium.

SUMMARY

[0004] It is a feature of an embodiment to provide an electrolyte solution for a rechargeable lithium battery having
excellent storage characteristics at a high temperature without deteriorating battery characteristics such as capacity and
room temperature cycle-life in both a state of charge and a state of discharge.

[0005] Itis anotherfeature of an embodiment to provide a rechargeable lithium battery including the electrolyte solution.
[0006] Atleastone of the above and other features and advantages may be realized by providing an electrolyte solution
for a rechargeable lithium battery, including a lithium salt, a non-aqueous organic solvent, and an additive including
fluoroethylene carbonate, a vinyl-containing carbonate, a substituted or unsubstituted cyclic sulfate or a substituted or
unsubstituted cyclic sulfonate, and a nitrile-based compound represented by the following Chemical Formula 1:
[0007] [Chemical Formula 1]

[0008] N=C-R-C=N

[0009] wherein, in Chemical Formula 1, R may be a substituted or unsubstituted C1 to C20 alkylene group.

[0010] The vinyl-containing carbonate may include vinylene carbonate, vinylethylene carbonate, or a combination
thereof.

[0011] The cyclic sulfate may include 1,3-propanediol cyclic sulfate.

[0012] The cyclic sulfonate may include 1,3-propane sultone, 1,3-propene sultone, or a combination thereof.

[0013] The nitrile-based compound may include succinonitrile, glutaronitrile, adiponitrile, pimelonitrile, suberonitrile,
or a combination thereof.

[0014] The fluoroethylene carbonate may be included in an amount of about 1 to about 7 wt% based on the total
weight of the electrolyte solution.

[0015] The vinyl-containing carbonate may be included in an amount of about 0.1 to about 3 wt% based on the total
weight of the electrolyte solution.

[0016] The cyclic sulfate or the cyclic sulfonate may be included in an amount of about 0.1 to about 10 wt% based on
the total weight of the electrolyte solution.

[0017] The nitrile-based compound may be included in an amount of about 0.1 to about 10 wt% based on the total
weight of the electrolyte solution.

[0018] Atleast one of the above and other features and advantages may also be realized by providing a rechargeable
lithium battery, including a positive electrode, a negative electrode, and an electrolyte solution, the electrolyte solution
including a lithium salt, a non-aqueous organic solvent, and an additive, the additive including fluoroethylene carbonate,
avinyl-containing carbonate, a substituted or unsubstituted cyclic sulfate or a substituted or unsubstituted cyclic sulfonate,
and a nitrile-based compound represented by the following Chemical Formula 1:

[0019] [Chemical Formula 1]

[0020] N=C-R-C=N

[0021] wherein, in Chemical Formula 1, R may be a substituted or unsubstituted C1 to C20 alkylene group.

[0022] The vinyl-containing carbonate may include vinylene carbonate, vinylethylene carbonate, or a combination
thereof.

[0023] The cyclic sulfate may include 1,3-propanediol cyclic sulfate.

[0024] The cyclic sulfonate may include 1,3-propane sultone, 1,3-propene sultone, or a combination thereof.

[0025] The nitrile-based compound may include succinonitrile, glutaronitrile, adiponitrile, pimelonitrile, suberonitrile,
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or a combination thereof.

[0026] The fluoroethylene carbonate may be included in an amount of about 1 to about 7 wt% based on the total
weight of the electrolyte solution.

[0027] The vinyl-containing carbonate may be included in an amount of about 0.1 to about 3 wt% based on the total
weight of the electrolyte solution.

[0028] The cyclic sulfate or the cyclic sulfonate may be included in an amount of about 0.1 to about 10 wt% based on
the total weight of the electrolyte solution.

[0029] The nitrile-based compound may be included in an amount of about 0.1 to about 10 wt% based on the total
weight of the electrolyte solution.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The above and other features and advantages will become more apparent to those of skill in the art by describing
in detail example embodiments with reference to the attached drawings, in which:

[0031] FIG. 1illustrates a schematic view of a rechargeable lithium battery according to an embodiment of the invention.
[0032] FIG. 2illustrates a graph showing cycle-life of rechargeable lithium battery cells according to Examples 1 to 3
and Comparative Example 5.

[0033] FIG. 3 illustrates a graph showing cycle-life of rechargeable lithium battery cells according to Examples 1, 14,
and 15.

[0034] FIG. 4 illustrates a graph showing cycle-life of rechargeable lithium battery cells according to Examples 1 and
5to7.

[0035] FIG.5illustrates a graph showing cycle-life of rechargeable lithium battery cells according to Examples 1 and 12.
[0036] FIGS. 6-10 illustrate Tables 1-5, respectively.

DETAILED DESCRIPTION

[0037] Korean Patent Application No. 10-2010-0023507 filed on March 16, 2010, in the Korean Intellectual Property
Office, and entitled "Electrolyte Solution for Rechargeable Lithium Battery, and Rechargeable Lithium Battery including
the Same," is incorporated by reference herein in its entirety.

[0038] Example embodiments will now be described more fully hereinafter with reference to the accompanying draw-
ings; however, they may be embodied in different forms and should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that this disclosure will be thorough and complete, and will
fully convey the scope of the invention to those skilled in the art.

[0039] Inthe drawing figures, the dimensions of layers and regions may be exaggerated for clarity of illustration. Like
reference numerals refer to like elements throughout.

[0040] When a specific definition is not otherwise provided, the term "substituted" refers to an alkylene group substituted
with a halogen, a C1 to C20 alkyl group, a C6 to C30 aryl group, or a C1 to C20 alkoxy group, instead of at least one
hydrogen.

[0041] When a specific definition is not otherwise provided, the term "room temperature" refers to a temperature
ranging from about 23°C to about 27°C, and "high temperature" refers to a temperature ranging from about 40°C to
about 100°C.

[0042] An electrolyte solution for a rechargeable lithium battery according to an embodiment may include a lithium
salt, a non-aqueous organic solvent, and an additive. The additive may include fluoroethylene carbonate, a vinyl-con-
taining carbonate, a substituted or unsubstituted C2 to C10 cyclic sulfate, and a nitrile-based compound.

[0043] The fluoroethylene carbonate may be included in an amount of about 1 wt% to about 7 wt% based on the total
weight of the electrolyte solution, and according to an embodiment, the fluoroethylene carbonate may be included in an
amount of about 1 wt% to about 5 wt% based on the total weight of the electrolyte solution. When the fluoroethylene
carbonate is included within these ranges, excellent storage characteristics at a high temperature may be provided
without deteriorating capacity and room temperature cycle-life characteristics in both a state of charge and a state of
discharge.

[0044] The vinyl-containing carbonate may include vinylene carbonate, vinylethylene carbonate, or a combination
thereof.

[0045] The vinyl-containing carbonate may be included in an amount of about 0.1 wt% to about 3 wt% based on the
total amount of the electrolyte solution. According to an embodiment, the vinyl-containing carbonate may be included
in an amount of about 0.5 wt% to about 3 wt%. When the vinyl-containing carbonate is included within these ranges,
the generation of a gas may be suppressed in the state of charge at a high temperature without deteriorating capacity
and room temperature cycle-life characteristics, and since an open circuit voltage (OCV) value may be prevented from
being decreased in the state of discharge at a high temperature, the storage characteristics at a high temperature may
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be excellent in both a state of charge and a state of discharge.

[0046] The cyclic sulfate or the cyclic sulfonate may have a five-membered ring to a ten-membered ring.

[0047] The cyclic sulfate or the cyclic sulfonate may be included in an amount of about 0.1 wt% to about 10 wt% based
on the total amount of the electrolyte solution. According to an embodiment, the cyclic sulfate or the cyclic sulfonate
may be included in an amount of about 0.1 wt% to about 3 wt%. When the cyclic sulfate or the cyclic sulfonate is included
within these ranges, the generation of a gas may be suppressed in the state of charge at a high temperature without
deteriorating capacity and room temperature cycle-life characteristics. Since the OCV value may be prevented from
being decreased in the state of discharge at a high temperature, excellent storage characteristics at a high temperature
may be provided.

[0048] The nitrile-based compound may be represented by the following Chemical Formula 1.

[0049] [Chemical Formula 1]

[0050] N=C-R-C=N

[0051] In Chemical Formula 1, R may be a substituted or unsubstituted C1 to C20 alkylene group.

[0052] Examples ofthe nitrile-based compound include succinonitrile, glutaronitrile, adiponitrile, pimelonitrile, suberoni-
trile, or a combination thereof, and in an embodiment, succinonitrile is preferable.

[0053] The nitrile-based compound may be included in an amount of about 0.1 wt% to about 10 wt% based on the
total amount of the electrolyte solution. According to an embodiment, the nitrile-based compound may be included in
an amount of about 0.1 wt% to about 3 wt%. When the nitrile-based compound is included within these ranges, the
generation of a gas may be suppressed in the state of charge at a high temperature without deteriorating capacity and
room temperature cycle-life characteristics, and since the OCV value may be prevented from being decreased in the
state of discharge at a high temperature, the storage characteristics at a high temperature may be excellent in both a
state of charge and a state of discharge.

[0054] The lithium salt may supply lithium ions in the battery, perform a basic operation of a rechargeable lithium
battery, and improve lithium ion transport between positive and negative electrodes.

[0055] Examples of the lithium salt include LiPFg, LiBF4, LiSbFg, LiAsFg, LiN (SO3C,F5),, LiC4FgSO3, LiCIO,, LIAIO,,
LIAICl4, LiN(C,F5,+1SO2)(CyF5y.+1SO,) (where x and y are natural numbers), LiCl, Lil, and LiB(C,0,), (lithium bisoxalate
borate, LiBOB), or a combination thereof.

[0056] The lithium salt may be used at a concentration ranging from about 0.1 to about 2.0 M. When the lithium salt
is included at this concentration range, electrolyte performance and lithium ion mobility may be enhanced due to optimal
electrolyte conductivity and viscosity.

[0057] The non-aqueous organic solvent may serve as a medium for transmitting ions taking part in the electrochemical
reaction of the battery. The non-aqueous organic solvent may include a carbonate-based, ester-based, ether-based,
ketone-based, alcohol-based, or aprotic solvent.

[0058] Examples of the carbonate-based solventinclude dimethyl carbonate (DMC), diethyl carbonate (DEC), dipropyl
carbonate (DPC), methylpropyl carbonate (MPC), ethylpropyl carbonate (EPC), methylethyl carbonate (MEC), ethylme-
thyl carbonate (EMC), ethylene carbonate (EC), propylene carbonate (PC), butylene carbonate (BC), and the like.
[0059] When alinear carbonate compound and a cyclic carbonate compound are mixed with each other, the dielectric
constant may increase and the viscosity may decrease. The cyclic carbonate compound and linear carbonate compound
may be mixed together in a volume ratio of about 1:1 to about 1:9.

[0060] Examples of the ester-based solventinclude methyl acetate, ethyl acetate, n-propyl acetate, methylpropionate,
ethylpropionate, y-butyrolactone, decanolide, valerolactone, mevalonolactone, caprolactone, and the like. Examples of
the ether-based solvent include dibutylether, tetraglyme, diglyme, dimethoxyethane, 2-methyltetrahydrofuran, tetrahy-
drofuran, and the like, and examples of the ketone-based solvent include cyclohexanone and the like. Examples of the
alcohol-based solvent include ethyl alcohol, isopropyl alcohol, and the like.

[0061] The non-aqueous organic solvent may be used singularly or in a mixture. When the organic solvent is used in
a mixture, the mixture ratio may be controlled in accordance with a desirable battery performance.

[0062] A rechargeable lithium battery according to another embodiment is described referring to FIG. 1. The recharge-
able lithium battery of FIG. 1 is one example, but is not limited thereto.

[0063] FIG. 1 illustrates a schematic view of a rechargeable lithium battery 100 according to an embodiment of the
invention.

[0064] The rechargeable lithium battery 100 may include a negative electrode 112, a positive electrode 114, a separator
113 interposed between the negative electrode 112 and the positive electrode 114, an electrolyte impregnating the
separator 113, a battery case 120, and a sealing member 140 sealing the battery case 120.

[0065] The positive electrode 114 may include a current collector and a positive active material layer disposed on the
current collector. The positive active material layer may include a positive active material and a binder. The positive
active material layer may further include a conductive material.

[0066] The current collector may be aluminum (A1), but is not limited thereto.

[0067] The positive active material may include lithiated intercalation compounds that reversibly intercalate and dein-
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tercalate lithium ions. The positive active material may include a composite oxide including at least one of cobalt,
manganese, and nickel, as well as lithium. In particular, at least one of the following lithium-containing compounds may
be used.

[0068] Li,A,,ByD5 (wherein, in the chemical formula, 0.90 <a < 1.8 and 0 < b < 0.5); Li,E4_;,B,0,_.D. (wherein, in
the chemical formula, 0.90 <a<.8,0<b <0.5, and 0 < ¢ < 0.05); LiE,_,B,,0,4..D; (wherein, in the chemical formula, 0
<b<0.5and 00 < ¢<.05); LizNiy_..Co,B.D,, (Wherein, in the chemical formula, 0.90<a<1.8,0<b<0.5,0<¢<0.05,
and 0 < a. < 2); LizNiq_p.cCo,B.0, R, (Wherein, in the chemical formula, 0.90<a<1.8,0<b<0.5,0<¢<0.05,and 0
< a < 2); LigNiy_p_Co,B.0,_ R, (wherein, in the chemical formula, 0.90<a<1.8,0<b<0.5,0<¢c<0.05,and0<a <
2); LigNiy_y.cMn,B.D,, (wherein, in the chemical formula, 090 <a <18, 0<b <0.5,0<¢c<0.05 and 0 < a < 2);
LizNiq_p.cMnyB.O,_ R, (Wherein, in the chemical formula, 0.90 <a<1.8,0<b<0.5,0<¢<0.05 and 0 < a < 2),
Li;Nij_p..Mn,B.O,_Rs (wherein, in the chemical formula, 0.90 <a<1.8,0<b<0.5,0<¢<0.05 and 0 < o < 2);
Li;Ni,E.G4O, (wherein, in the chemical formula, 0.90 <a <18, 0<b<0.9, 0<c<0.5, and 0.001 <d < 0.1);
Li;Ni,Co ,MnyG,O, (wherein, in the chemical formula, 0.90<a<1.8,0<b<0.9,0<¢<0.5,0<d<0.5,and 0.001 <
e < 0.1); Li;NiG,O, (wherein, in the chemical formula, 0.90 <a < 1.8 and 0.001 < b <0.1); Li,CoG,O, (wherein, in the
chemical formula, 0.90 <a < 1.8 and 0.001 < b <0.1); Li,MnG,0, (wherein, in the chemical formula, 0.90 <a < 1.8 and
0.001 <b <0.1); Li;Mn,G,0, (wherein, in the chemical formula, 0.90 <a < 1.8 and 0.001 <b <0.1); QS,; LiQS,; V,0s;
LiV,O0s; LiZOy; LiNIVO,; Lif3.1J2(POy)3 (0 < f< 2); Liz.nFex(POy)3 (0 < f< 2); and LiFePO,.

[0069] In the formulae, A may be Ni, Co, Mn, or a combination thereof; B may be A1, Ni, Co, Mn, Cr, Fe, Mg, Sr, V,
a rare earth element, or a combination thereof; D may be O, F, S, P, or a combination thereof; E may be Co, Mn, or a
combination thereof; Ris F, S, P, or a combination thereof; G may be A1, Cr, Mn, Fe, Mg, La, Ce, Sr, V, or a combination
thereof; Q may be Ti, Mo, Mn, or a combination thereof; Z may be Cr, V, Fe, Sc, Y, or a combination thereof; and J may
be V, Cr, Mn, Co, Ni, Cu, or a combination thereof.

[0070] The positive active material may include a compound having a coating layer on the surface of the above
compound, or a mixture of the above compound and the compound having the coating layer on the surface thereof. The
coating layer may include at least one coating element compound, which may be an oxide of a coating element, a
hydroxide of a coating element, an oxyhydroxide of a coating element, an oxycarbonate of a coating element, or a
hydroxyl carbonate of a coating element. The compounds for a coating layer can be amorphous or crystalline. The
coating element for a coating layer may include Mg, A1, Co, K, Na, Ca, Si, Ti, V, Sn, Ge, Ga, B, As, Zr, or a mixture
thereof. The coating layer may be formed in a method having no negative influence on properties of a positive active
material by including these elements in the compound. For example, the method may include a coating method such
as spray coating, dipping, and the like, but is not illustrated in more detail, since it is well-known to those who work in
the related field.

[0071] The binder may be provided to improve binding properties of the positive active material particles to each other
and to a current collector. Examples of the binder include polyvinyl alcohol, carboxylmethyl cellulose, hydroxypropyl
cellulose, diacetyl cellulose, polyvinylchloride, carboxylated polyvinyl chloride, polyvinylfluoride, an ethylene oxide-con-
taining polymer, polyvinylpyrrolidone, polyurethane, polytetrafluoroethylene, polyvinylidene fluoride, polyethylene, poly-
propylene, a styrene-butadiene rubber, an acrylated styrene-butadiene rubber, an epoxy resin, nylon, etc., and combi-
nations thereof, but are not limited thereto.

[0072] Anelectrically conductive material that does not cause a chemical change may be used as a conductive material.
Examples of the conductive material include natural graphite, artificial graphite, carbon black, acetylene black, ketjen
black, a carbon fiber, a metal powder or a metal fiber including copper, nickel, aluminum, silver, and so on, and a
polyphenylene derivative.

[0073] The negative electrode 112 may include a current collector and a negative active material layer disposed on
the current collector, and the negative active material layer may include a negative active material.

[0074] The current collector may include a copper foil, a nickel foil, a stainless steel foil, a titanium foil, a nickel foam,
a copper foam, a polymer substrate coated with a conductive metal, or combinations thereof.

[0075] The negative active material layer may include a binder. The negative active material layer may further include
a conductive material.

[0076] The negative active material may include a material that reversibly intercalates/deintercalates lithium ions, a
lithium metal, alithium metal alloy, a material being capable of doping and dedoping lithium, and/or a transition metal oxide.
[0077] The material that reversibly intercalates/deintercalates lithium ions may include carbon materials. The carbon
material may be any generally-used carbon-based negative active material in a rechargeable lithium battery. Examples
of the carbon material include crystalline carbon, amorphous carbon, and a mixture thereof. The crystalline carbon may
be non-shaped, or sheet, flake, spherical, or fiber shaped natural graphite or artificial graphite. The amorphous carbon
may be a soft carbon (carbon obtained by sintering at a low temperature), a hard carbon (carbon obtained by sintering
at a high temperature), mesophase pitch carbide, fired coke, and the like.

[0078] Examples of the lithium metal alloy are compounds including lithium and at least a metal, which may be Na,
K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Si, Sb, Pb, In, Zn, Ba, Ra, Ge, A1, or Sn.
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[0079] Examples of the material being capable of doping and dedoping lithium include Si, SiO, (0 < x < 2), a Si-Y alloy
(where Y is an element, the element being an alkali metal, an alkaline-earth metal, a group 13 to a group 16 (IUPAC
version) elements, a transition element, a rare earth element, or a combination thereof, and is not Si), Sn, SnO,, Sn-Y
alloy (where Y is an element, the element being an alkali metal, an alkaline-earth metal, a group 13 to a group 16
elements, a group 14 element, a transition element, a rare earth element, or combinations thereof, and is not Sn), or
mixtures thereof. At least one of these materials may be mixed with SiO,. The element Y may include Mg, Ca, Sr, Ba,
Ra, Sc, Y, Ti, Zr, Hf, Rf, V, Nb, Ta, Db, Cr, Mo, W, Sg, Tc, Re, Bh, Fe, Pb, Ru, Os, Hs, Rh, Ir, Pd, Pt, Cu, Ag, Au, Zn,
Cd, B, A1, Ga, Sn, In, Ti, Ge, P, As, Sb, Bi, S, Se, Te, Po, or combinations thereof.

[0080] Examples of the transition metal oxide include vanadium oxide, lithium vanadium oxide, and the like.

[0081] The binder may be provided to improve binding properties of the negative active material particles to each
other and to a current collector. Examples of the binder include polyvinyl alcohol, carboxylmethyl cellulose, hydroxypropyl
cellulose, polyvinyl chloride, carboxylated polyvinylchloride, polyvinylfluoride, an ethylene oxide-containing polymer,
polyvinylpyrrolidone, polyurethane, polytetrafluoroethylene, polyvinylidene fluoride, polyethylene, polypropylene, a sty-
rene-butadiene rubber, an acrylated styrene-butadiene rubber, an epoxy resin, nylon, etc., and combinations thereof,
but are not limited thereto.

[0082] Anelectrically conductive material that does not cause a chemical change may be used as a conductive material.
Examples of the conductive material include:

carbon-based materials such as natural graphite, artificial graphite, carbon black,

acetylene black, ketjen black, a carbon fiber, and the like; a metal-based material of a metal powder or a metal fiber
including copper, nickel, aluminum, silver, and the like; a conductive polymer such as a polyphenylene derivative;
and mixtures thereof.

[0083] The positive electrode 114 and the negative electrode 112 may be manufactured by a method including mixing
the active material, a conductive material, and a binder to provide an active material composition, and coating the
composition on a current collector. The electrode manufacturing method is well known, and thus is not described in
detail in the present specification. A solvent such as N-methylpyrrolidone may be used, but it is not limited thereto.
[0084] The separator 113 may be formed as a single layer or a multilayer, and may be made of polyethylene, poly-
propylene, polyvinylidene fluoride, or a combination thereof.

[0085] The electrolyte may include the electrolyte solution according to the invention described above.

[0086] The following Examples and Comparative Examples are provided in order to set forth particular details of one
or more embodiments. However, it will be understood that the embodiments are not limited to the particular details
described. Further, the Comparative Examples are set forth to highlight certain characteristics of certain embodiments,
and are not to be construed as either limiting the scope of the invention as exemplified in the Examples or as necessarily
being outside the scope of the invention in every respect. Furthermore, what is not described in this specification can
be sufficiently understood by those who have knowledge in this field and will not be illustrated here.

[0087] Preparation of Electrolyte Solution

[0088] Examples 1 to 15 and Comparative Examples 1 to 5

[0089] 1.3 M of LiPFg was dissolved in a solvent obtained by mixing ethylene carbonate (EC), ethylmethyl carbonate
(EMC), and diethyl carbonate (DEC) in a volume ratio of 3:5:2. An electrolyte solution was prepared by adding fluor-
oethylene carbonate, vinylene carbonate, 1,3-propane sultone, and succinonitrile into the mixed solution as additives
in the amounts presented in the following Tables 1 to 5, respectively. The amounts of the respective additive components
were based on the total amount of the electrolyte solution.

[0090] Manufacturing of Rechargeable Lithium Battery Cell

[0091] A positive active material layer composition was prepared by mixing LiCo0, as a positive active material,
polyvinylidene fluoride (PVDF) as a binder, and carbon black as a conductive material in the weight ratio of 96:2:2,
respectively, and dispersing the mixture in N-methyl-2-pyrrolidone. A positive electrode was manufactured by coating
a 20 pm-thick aluminum foil with the positive active material layer composition, drying it, and rolling it.

[0092] A negative active material layer composition was prepared by mixing a mixture of natural graphite and artificial
graphite as a negative active material, styrene-butadiene rubber as a binder, and carboxylmethyl cellulose as a dispersing
agent in the weight ratio of about 97.5:1.5:1, and dispersing the mixture in N-methyl-2-pyrrolidone. A negative electrode
was manufactured by coating a 15 wm-thick copper foil with the negative active material layer composition, drying i,
and rolling it.

[0093] A rechargeable lithium battery cell of a stacked structure was manufactured to have 1C capacity of about 1200
mAh by using the manufactured positive electrode and negative electrode, and a separator formed of a polyethylene
material, and spiral-winding and compressing them. Herein, the electrolyte solutions prepared according to Examples
1 to 15 and Comparative Examples 1 to 5 were used.

[0094] Experimental Example 1: Evaluation of Storage Characteristics at High Temperature and Capability of Re-
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chargeable Lithium Battery Cells in the State of Charge and the State of Discharge

[0095] The storage characteristics at a high temperature and capacity of rechargeable lithium battery cells manufac-
tured according to Examples 1 to 15 and Comparative Examples 1 to 5 were measured in the state of charge and the
state of discharge, and the results are presented in the Tables 1 to 5. When the rechargeable lithium battery cells were
stored at a high temperature in the state of charge, gas was continuously generated due to electrochemical and thermal
decomposition of the electrolyte solution and solid electrolyte interface (SEI) film component, and this led to degradation.
Thus, the thickness increase rate of a rechargeable lithium battery cell may be used as a standard for evaluating high-
temperature stability in the state of charge. On the other hand, when the rechargeable lithium battery cells were stored
at a high temperature in the state of discharge, an open circuit voltage (OCV) value was decreased. When the OCV
value was brought down to a predetermined OCV value, the generation of gas was increased significantly. Thus, the
OCV value of a rechargeable lithium battery cell may be used as a standard for evaluating hightemperature stability in
the state of discharge.

[0096] Therefore, storage characteristics at a high temperature in the state of charge were evaluated by the thickness
increase rate of a rechargeable lithium battery cell. Herein, the charge was performed at 0.5C in a CC/CV mode up to
about 4.2 V and the charge was terminated when the current was 60 mAh, and the thickness increase rate (%) was
measured using a vernier calipers in-situ after the rechargeable lithium battery cell was allowed to stand at about 60°C
for about 15 days and about 30 days, respectively.

[0097] Also, the storage characteristics at a high temperature in the state of discharge were evaluated by an OCV
value of a rechargeable lithium battery cell. Herein, the discharge was performed at about 0.5C in a CC mode, and the
discharge was terminated at about 3.0 V. The OCV value (V) was measured using a HIOKI multimeter after the re-
chargeabile lithium battery cell was allowed to stand at about 60°C for about 15 days and about 30 days, respectively.
[0098] The capacity retention is a ratio of a capacity after the rechargeable lithium battery cell was allowed to stand
for about 30 days to an initial capacity.

[0099]
Table 1:
Ex.1 | Comp.Ex.1 | Comp.Ex.2 | Comp.Ex.3 | Comp. Ex. 4
Additive Fluoroethylene carbonate 3 3 3 3 3
(wt%) Vinylene carbonate 1 - - 1 -
1,3-propane sultone 1 - - - 1
Succinonitrile 1 - 1 1 1
Allowed to Thickness 15 days 2.2 1.6 3.6 1.9 21
stand after | increase rate  ['g4 1,0 | g7 23.8 118 156 7.5
charge (%)
Capacity retention (%) 92 90 90 92 92
Allowed to OCV (V) 15 days 2.69 2.52 1.56 2.54 2.10
:f:g::r‘;teer 30days | 2.28 2.03 0.00 2.08 0.74
Capacity retention (%) 97 98 77 98 83
[0100]
Table 2:
Example 2 | Example 3 | Example 4 Comparative
Example 5
Additive (wt%) Fluoroethylene carbonate 1 5 7 -
Vinylene carbonate 1 1 1 1
1,3-propane sultone 1 1 1 1
Succinonitrile 1 1 1 1
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(continued)

Example 2 | Example 3 | Example 4 Comparative
Example 5
Allowed to stand Thickness 15 days 21 4.0 2.4 24
after charge increase rate (%) 30 days 592 26.7 20.4 45
Capacity retention (%) 92 92 91 90
Allowed to stand OCV (V) 15 days 2.65 2.65 2.64 2.67
after discharge 30 days 2.26 2.20 2.19 223
Capacity retention (%) 97 97 97 97
[0101]
Table 3:
Example | Example | Example | Example8 | Example 9 | Example
5 6 7 10
Additive Fluoroethylene 3 3 3 3 3 3
(Wt%) carbonate
Vinylene carbonate 1 1 1 1 1 1
1,3-propane sultone 1 1 1 1 1 1
succinonitrile 0.1 0.5 3 5 7 10
Allowedto | Thicknes 15 days 1.3 22 20 24 28 26
stand sincrease | 3 jave 12.8 8.8 4.1 4.3 4.9 4.7
after rate (%)
charge Capacity retention (%) 92 92 92 92 91 91
Allowedto | OCV (V) 15 days 2.79 2.72 2.55 2.37 2.29 2.27
:ﬁgf 30 days 2.53 2.36 2.07 1.86 1.73 1.63
discharge | Capacity retention (%) 97 97 97 96 96 95
[0102]
Table 4:
Example 11 | Example 12
Additive (wt%) Fluoroethylene carbonate 3 3
Vinylene carbonate 0.1 0.5
1,3-propane sultone 1 1
Succinonitrile 1 1
Allowed to stand after Thickness increase rate (%) | 15 days 24 2.2
30 days 7.8 6.6
charge Capacity retention (%) 92 92
Allowed to stand after discharge | OCV (V) 15 days 2.21 2.50
30 days 1.54 2.01
Capacity retention (%) 96 97

[0103]
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Table 5:
Example 13 | Example 14 | Example 15

Additive (wt%) Fluoroethylene carbonate 3 3 3

Vinylene carbonate 1 1 1

1,3-propane sultone 0.1 0.5 3

Succinonitrile 1 1 1
Allowed to stand after Thickness increase rate (%) | 15 days 2.2 2.1 2.0
charge 30 days 16.1 12.1 3.2

Capacity retention (%) 92 92 86
Allowed to stand after OCV (V) 15 days 2.40 2.63 2.71
discharge 30 days 2.11 2.23 2.38

Capacity retention (%) 98 97 92

[0104] Itmaybe seenfrom Tables 1to 5thatthe rechargeable lithium battery cells manufactured according to Examples
1 to 15 using fluoroethylene carbonate, a vinyl-containing carbonate, cyclic sulfate, and a nitrile-based compound as
additives to the electrolyte solution in appropriate amounts according to embodiments, had excellent storage charac-
teristics at a high temperature in both a state of charge and a state of discharge, compared with those manufactured
according to Comparative Examples 1 to 5.

[0105] Referring to Table 1, the rechargeable lithium battery cell manufactured according to Comparative Example 1
using only fluoroethylene carbonate and the rechargeable lithium battery cell manufactured according to Comparative
Example 3 that did not use cyclic sulfate or cyclic sulfonate had excellent high-temperature stability in the state of
discharge, but the high-temperature stability was decreased in the state of charge. Also, the rechargeable lithium battery
cell manufactured according to Comparative Example 2 using only fluoroethylene carbonate and a nitrile-based com-
pound, and the rechargeable lithium battery cell manufactured according to Comparative Example 4 that did not use a
vinyl-containing carbonate, had excellent high-temperature stability in the state of charge, but the high-temperature
stability was decreased in the state of discharge.

[0106] Table 2 shows cases of using fluoroethylene carbonate in diverse amounts. It may be seen from Table 2 that
the rechargeable lithium battery cells manufactured according to Examples 2 to 4 using fluoroethylene carbonate in an
amount of about 1 to about 7 wt% based on the total amount of electrolyte solution had excellent high-temperature
stability in both a state of charge and a state of discharge.

[0107] Table 3 shows cases of using a nitrile-based compound in diverse amounts. It may be seen from Table 3 that
the rechargeable lithium battery cells manufactured according to Examples 5 to 10 using the nitrile-based compound in
an amount of about 0.1 to about 10 wt% based on the total amount of the electrolyte solution had excellent high-
temperature stability in both a state of charge and a state of discharge.

[0108] Table 4 shows cases of using vinyl-containing carbonate in diverse amounts. It may be seen from Table 4 that
the rechargeable lithium battery cells manufactured according to Examples 11 and 12 using the vinyl-containing carbonate
in an amount of about 0.1 to about 3 wt% based on the total amount of the electrolyte solution had excellent high-
temperature stability in both a state of charge and a state of discharge.

[0109] Table 5 shows cases of using cyclic sulfate or cyclic sulfonate in diverse amounts. It may be seen from Table
5 that the rechargeable lithium battery cells manufactured according to Examples 13 to 15 using the cyclic sulfate or the
cyclic sulfonate in an amount of about 0.1 to about 10 wt% based on the total amount of the electrolyte solution had
excellent high-temperature stability in both a state of charge and a state of discharge.

[0110] Experimental Example 2: Evaluation of Cycle-life Characteristics of Rechargeable Lithium Battery Cells
[0111] The cycle-life characteristics of the rechargeable lithium battery cells manufactured according to Examples 1
to 3 and Comparative Example 5 were evaluated and the results are presented in FIG. 2, and the cycle-life characteristics
of the rechargeable lithium battery cells manufactured according to Examples 1, 14, and 15 were evaluated and the
results are presented in FIG. 3. Also, the cycle-life characteristics of the rechargeable lithium battery cells manufactured
according to Examples 1and 5to 7 were evaluated and the results are presented in FIG. 4, and the cycle-life characteristics
of the rechargeable lithium battery cells manufactured according to Examples 1 and 12 were evaluated and the results
are presented in FIG. 5.

[0112] To evaluate the cycle-life characteristics, the charge was performed at 1C in a CC/CV mode up to about 4.2
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V, and when the current was about 60 mA, the charge was paused for about 10 minutes, and the discharge was performed
at 1C in a CC mode, and paused for about 10 minutes at about 3.2 V. This process was performed 200 times.

[0113] FIG. 2 illustrates a graph of cycle-life of rechargeable lithium battery cells according to Examples 1 to 3 and
Comparative Example 5.

[0114] Referring to FIG. 2, while the cycle-life characteristics were not greatly decreased in the rechargeable lithium
battery cells of Examples 1 to 3 showing cases of using fluoroethylene carbonate in diverse amounts within an appropriate
range according to an embodiment, the rechargeable lithium battery cell of Comparative Example 5 that did not use
fluoroethylene carbonate showed a remarkable decrease in the cycle-life characteristic. In other words, although the
rechargeable lithium battery cell of Comparative Example 5 may have excellent high-temperature stability in both a state
of charge and a state of discharge, the excellent high-temperature stability was accompanied by a deteriorated cycle-
life characteristic.

[0115] FIG. 3illustrates a graph of cycle-life of rechargeable lithium battery cells according to Examples 1, 14, and 15.
[0116] Referringto FIG. 3, the cycle-life characteristics of the rechargeable lithium battery cells manufactured according
to Examples 1, 14 and 15, which show cases of using cyclic sulfate or cyclic sulfonate in diverse amounts within an
appropriate range according to an embodiment, were all maintained excellently.

[0117] FIG. 4 illustrates a graph of cycle-life of rechargeable lithium battery cells according to Examples 1 and 5to 7.
[0118] Referringto FIG. 4, the cycle-life characteristics of the rechargeable lithium battery cells manufactured according
to Examples 1 and 5 to 7, which show cases of using a nitrile-based compound in diverse amounts within an appropriate
range according to an embodiment, were all maintained excellently.

[0119] FIG. 5 illustrates a graph of cycle-life of rechargeable lithium battery cells according to Examples 1 and 12.
[0120] Referring to FIG. 5, in the rechargeable lithium battery cells manufactured according to Examples 1 and 12,
showing examples where a vinyl-containing carbonate was used in diverse amounts within an appropriate range ac-
cording to an embodiment, the cycle-life characteristics of the rechargeable lithium battery cells were maintained excel-
lently.

[0121] As described above, the rechargeable lithium battery cells manufactured according to Examples 1 to 15 using
fluoroethylene carbonate, a vinyl-containing carbonate, cyclic sulfate, and a nitrile-based compound as additives of an
electrolyte solution in appropriate amounts according to an embodiment showed excellent storage characteristics at a
high temperature in both a state of charge and a state of discharge, without deteriorating battery cells characteristics
such as capacity and room temperature cycle-life.

[0122] Improvement in storage characteristics of rechargeable lithium batteries at a high temperature are need, but
to-date has not been adequate in improving the storage characteristics at a high temperature with respect to both state
of charge (SOC = 100%) and state of discharge (SOC = 0%). Also, battery characteristics such as capacity and room
temperature cycle-life may be deteriorated by general additives. However, when the electrolyte solution for arechargeable
lithium battery according to an embodiment is used, it may be possible to realize a rechargeable lithium battery having
excellent storage characteristics at a high temperature without deteriorating battery characteristics such as capacity and
room temperature cycle-life in both a state of charge and a state of discharge.

[0123] Example embodiments have been disclosed herein, and although specific terms are employed, they are used
and are to be interpreted in a generic and descriptive sense only and not for purpose of limitation. Accordingly, it will be
understood by those of skill in the art that various changes in form and details may be made without departing from the
scope of the present invention as set forth in the following claims.

Claims
1. An electrolyte solution for a rechargeable lithium battery, comprising:

a lithium salt;

a non-aqueous organic solvent; and

an additive including fluoroethylene carbonate, a vinyl-containing carbonate, a substituted or unsubstituted
cyclic sulfate or a substituted or unsubstituted cyclic sulfonate, and a nitrile-based compound represented by
the following Chemical Formula 1:

[Chemical Formula 1]

N=C-R-C=N

wherein, in Chemical Formula 1,
R is a substituted or unsubstituted C1 to C20 alkylene group.
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The electrolyte solution for arechargeable lithium battery as claimed in claim 1, wherein the vinyl-containing carbonate
includes vinylene carbonate, vinylethylene carbonate, or a combination thereof.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the cyclic sulfate includes
1,3-propanediol cyclic sulfate.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the cyclic sulfonate includes
1,3-propane sultone, 1,3-propene sultone, or a combination thereof.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the nitrile-based compound
includes succinonitrile, glutaronitrile, adiponitrile, pimelonitrile, suberonitrile, or a combination thereof.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the fluoroethylene carbonate
is included in an amount of about 1 wt% to about 7 wt%, preferably of about 1 wt% to about 5 wt%, based on the
total weight of the electrolyte solution.

The electrolyte solution for arechargeable lithium battery as claimed in claim 1, wherein the vinyl-containing carbonate
is included in an amount of about 0.1 wt% to about 3 wt%, preferably of about 0.5 wt% to about 3 wt%, based on
the total weight of the electrolyte solution.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the cyclic sulfate or the
cyclic sulfonate is included in an amount of about 0.1 wt% to about 10 wt%, preferably of about 0.1 wt% to about 3
wt%, based on the total weight of the electrolyte solution.

The electrolyte solution for a rechargeable lithium battery as claimed in claim 1, wherein the nitrile-based compound
is included in an amount of about 0.1 wt% to about 10 wt%, preferably of about 0.1 wt% to about 3 wt%, based on
the total weight of the electrolyte solution.

10. A rechargeable lithium battery (100), comprising:

a positive electrode (114);
a negative electrode (112); and
an electrolyte solution according to any one of claims 1 to 9.

11
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